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Characterization of Dissolved Organic Matter in Mature
Leachate during Ammonia Stripping and Two-Stage
Aged-Refuse Bioreactor Treatment
Wen-chuan Ding 1; Xiao-lan Zeng 2; Xue-bin Hu 3; Yang Deng, M.ASCE 4;
Md. Nuralam Hossain 5; and Liang Chen 6

Abstract: Dissolved organic matter (DOM) is the major regulated pollutant of landfill leachate in solid waste management industries.
Recently, aged-refuse bioreactor (ARB) has received increasing attention for reduction of DOM from mature leachate due to low energy
consumption, easy operation, simple maintenance, low cost, and high treatment efficiency. However, the information regarding alternation
of the DOM nature during ARB treatment is highly limited. To figure out appropriate posttreatment for effluent of ARB and meet elevated
discharge standards, especially in developing countries, this study investigates the characterization of mature leachate DOM during ammonia
stripping and two-stage ARB treatment by means of synchronous scanning fluorescence spectra, excitation-emission matrices spectra, and
molecular size distribution. The analytical results indicated that ammonia stripping could not significantly remove DOM, though the process
was effective in ammonia nitrogen reduction. In contrast, ARB could remove substantial DOM. The first stage ARB preferentially attacked
both fulivc-acid-like and humic-acid-like organic molecules and the second stage ARB played a polishing treatment role with a similar treatment fashion. The final effluent after ammonia stripping and two-stage ARB treatment still contained fulvic-acid-like DOM with low molecular weight (<5 kDa) that should be further removed by appropriate posttreatment. DOI: 10.1061/(ASCE)EE.1943-7870.0001291. © 2017
American Society of Civil Engineers.
Author keywords: Dissolved organic matters; Ammonia stripping; Aged-refuse bioreactor; Mature leachate; Synchronous scanning
fluorescence spectra; Excitation-emission matrices spectra; Molecular size distribution.

Introduction
Over the past decades, landfills remain the major solid waste disposal
method in the most countries (Ezyske and Deng 2012). However,
undesirable generation of leachate from landfill sites has been challenging the solid waste industries (Boyle and Ham 1974; Ho et al.
1974). Landfill leachate is a high strength wastewater with a variety
of organic waste and inorganic species (Kjeldsen et al. 2002). The
landfill age is one of the primary variables that affect the leachate
properties (Renou et al. 2008; Bashir et al. 2010). The leachate from
1

Professor, School of Urban Construction and Environmental Engineering, Chongqing Univ., 174 Sha Zheng Rd., Chongqing 400044, China.
E-mail: dingwenchuan@cqu.edu.cn
2
Associate Professor, School of Urban Construction and Environmental
Engineering, Chongqing Univ., 174 Sha Zheng Rd., Chongqing 400044,
China (corresponding author). E-mail: wendyzeng@cqu.edu.cn
3
Professor, College of Urban Construction and Environmental Engineering, Chongqing Univ., 174 Sha Zheng Rd., Chongqing 400044, China.
E-mail: xbhu@cqu.edu.cn
4
Assistant Professor, Dept. of Earth and Environmental Studies, Montclair State Univ., Montclair, NJ 07043. E-mail: dengy@mail.montclair.edu
5
Research Assistant, School of Urban Construction and Environmental
Engineering, Chongqing Univ., 174 Sha Zheng Rd., Chongqing 400044,
China. E-mail: nuralam_esrm@yahoo.com
6
Research Assistant, School of Urban Construction and Environmental
Engineering, Chongqing Univ., 174 Sha Zheng Rd., Chongqing 400044,
China. E-mail: xnjdcl@163.com
Note. This manuscript was submitted on June 22, 2016; approved on
June 19, 2017; published online on October 26, 2017. Discussion period
open until March 26, 2018; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Environmental Engineering, © ASCE, ISSN 0733-9372.
© ASCE

landfills of age <5 years, normally referred to as young leachate, contain a huge quantity of biodegradable organic substance especially
volatile fatty acids (VFA) and are characterized by high chemical
oxygen demand (COD) (>10,000 mg=L), high biochemical oxygen
demand ðBOD5 Þ=COD ratio (>0.3), and low pH (<6.5). In contrast,
the leachate produced from landfills of age >10 years, which is referred to as mature, contain biorefractory compounds such as humic
and fulvic acids, and are considered stabilized with low COD
(<5,000 mg=L), low BOD5 =COD ratio (<0.1), and high pH (>7.5)
(Panizza et al. 2010; Renou et al. 2008; Wei et al. 2010). The young
leachate, after being treated by biochemical processes, tends to
present the features of mature leachate. Leachate has to be appropriately treated prior to discharge to prevent leachate-induced contaminants from polluting the surface water, groundwater, and even soil
(Kjeldsen et al. 2002; Schiopu and Gavrilescu 2010). The conventional biological methods are ineffective for the treatment of mature
landfill leachate (Sun et al. 2009; Ahmed and Lan 2012). Therefore,
alternative physicochemical methods have been used including
coagulation/flocculation (Aziz 2009; Ghafari et al. 2010), chemical
precipitation (Ozturk et al. 2003), adsorption (Halim et al. 2012), oxidation processes (Deng and Englehardt 2007; Priya et al. 2005),
stripping (Ozturk et al. 2003), ion-exchange (Bashir et al. 2010),
and membrane separation technologies. However, some of them
(e.g., membrane processes and activated carbon adsorption) are not
suitable for developing countries due to prohibitive capital and/or
operational costs (Englehardt et al. 2006). Thus the development
of low-cost, reliable, and environmentally-friendly leachate treatment technologies is highly encouraged, such as aged-refuse bioreactors (ARBs) (Hassan and Xie 2014).
Aged-refuse bioreactors are the ones that utilize stabilized refuse
(aged-refuse) taken from landfills and contain a wide range of
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microorganisms with a strong capacity to decompose refractory
organic matters in wastewater (Zhao et al. 2002). During the
long-term process of refuse stabilization within landfills, because
the organic fraction has been significantly degraded and soluble
inorganic substances have dissolved, the refuse exhibits stable
properties and the ARBs are characterized by low energy consumption, easy operation, simple maintenance, low cost, and high
treatment efficiency (Hassan and Xie 2014). Therefore, the agedrefused technology is particularly suitable for waste management
industries in developing countries (Hassan and Xie 2014). Previous
efforts well demonstrate that ARBs had been successfully applied
to treat mature landfill leachate effectively. Zhao et al. (2002) applied ARBs to mature leachate treatment on a laboratory-scale, and
achieved 90–99% removal rate of COD, BOD5 , and ammonianitrogen (NH3 -N). Lei et al. (2007) used two-stage ARB as the pretreatment prior to electrooxidation of a mature leachate, and the
removal rate of COD, BOD, total organic carbon (TOC), total nitrogen (TN), and NH3 -N were 98.5, 99.9, 98.0, 64.2, and 99.9%,
respectively. Li et al. (2009) accomplished 87.8 to 96.2% reduction
of COD and 96.9 to 99.4% removal of ammonia nitrogen by treating mature leachate with a full scale three-stage ARB. Although the
data are encouraging, the information regarding the alternation in
the dissolved organic matter (DOM) nature of mature leachate
during the ARBs treatment is highly limited.
Dissolved organic matter is the major concern among the different
leachate pollutants, because DOM contributes to most portions of
odor and color in leachate, as well as the formation of disinfection
byproducts during chlorination in wastewater treatment plants.
Moreover, DOM can also immobilize heavy metals originally present
in solid wastes through complex reactions. Previous studies had been
carried out to explore the characteristics of the DOM in the leachate
treatment (Huo et al. 2008). It is reported that activated-carbon adsorption, chemical coagulation-sedimentation, Fenton oxidation,
electrochemical oxidation and their combinations are effective in
treating refractory organics in mature leachate (CODcr 500–
2,000 mg=L) (Wang and Wang 2005; Zhao et al. 2000; Lou et al.
2005; Huang 2004; Wang and Yang 2002). Activated-carbon adsorption is preferred for handling refractory organics with molecular
weight less than 0.5 kDa (Sui et al. 2002; Pirbazari et al. 1988;
Wang and Yang 2002; Treatment Committee of Urban Domestic
Refuse 2005), and coagulation-sedimentation was found being sufficient to remove hydrophobic organic matter of high molecular
weights (>10 kDa) and of high aromatic extent (Li et al. 2003;
He et al. 2006; Huo et al. 2008). Fenton oxidation is especially
applicable for treating waste water with biorefractory organics of
relatively wide molecular weights distribution especially more than
0.5 kDa (Yoon et al. 1998; Gau and Chang 1996). To some extent,
the investigation of DOM characteristics can provide guidance
on selection of the treatment process (He et al. 2006; Huo et al.
2008).
Recently, many countries have promulgated and implemented
much more stringent leachate treatment regulations. For instance,
Chinese Standard for Pollution Control on the Landfill Site
of Municipal Solid Waste (GB16889-2008) requires COD ≤
100 mg=L in treated leachate before discharge (Liu et al. 2015).
In order to meet the strict discharge requirements, advanced treatment technologies such as posttreatment need to be applied subsequent to traditional mature leachate treatment processes such
as ARBs. To select an appropriate polishing treatment, it would
be a valuable to comprehensively characterize the leachate DOM
before and after the ARB treatment. The present studies indicate
that high concentration of ammonia nitrogen containing in mature
leachate extremely inhibits biological activities, which makes
leachate treatment one of the most difficult (Renou et al. 2008;
© ASCE

Wojciechowska 2015). As an easier and less expensive desorption
process, ammonia stripping is the most common method to reduce
successfully ammonia content in wastewater stream (Renou et al.
2008; Musa et al. 2013).The objective of this study was to get a
deep insight into how the ammonia stripping and ARBs treatment
alters the nature of mature leachate DOM with advanced analytical
techniques, including synchronous scanning fluorescence spectra,
excitation-emission matrices spectra, and molecular size distribution, as well as try to guide the subsequent treatment selection
to protect water environment of developing countries.

Experimental
Landfill Leachate Sampling
Landfill leachate was collected from a municipal sanitary landfill
operated since June 2003 in Chongqing, China. The sampling was
carried out once a month during April–June 2011. Once collected,
the leachate sample was stored under temperature of 4°C in brown
glass bottles to reduce biological and chemical activity (Aziz et al.
2010; Gupta 2013). The analysis of chemical and microbial compositions of raw leachate was immediately conducted with duplicate samples according to the standard methods (APHA 2005) as
well as other treated leachate. As shown in Table 1, on average, the
leachate presented typical mature characteristics, with COD ¼
3,676 mg=L (<5,000 mg=L), BOD5 =COD ¼ 0.16 (approximately
0.1), and pH ¼ 8.2 ð>7.5Þ.
Ammonia Stripping and Two-Stage ARB Treatment
Leachate was first treated in an ammonia stripping reactor. Based
on the authors’ previous work (Zeng et al. 2011), solution pH was
adjusted to 9.0 with CaðOHÞ2 , and then leachate was continuously
air stripped for 4.5 h at room temperature with an air/liquid ratio of
3,500. Thereafter, the pretreated leachate entered a pilot-scale twostage ARB reactor. The reactors sequentially consisted of two identical polyvinyl chloride (PVC) columns with diameter of 400 mm
and height of 1,600 mm as shown in Fig. 1. Landfill leachate was
introduced from the top of each column via a recycling pipe. A
rubble cone distributor was installed to ensure that the leachate influent was uniformly distributed on the underlying 900 mm-high
aged-refuse layer. The aged-refuse was collected from a local landfill. The leachate flowed through the aged-refuse layer, gravel layer,
and a porous barrier successively, and went into the second stage

Table 1. Chemical and Microbial Compositions of the Landfill Leachate
(n ¼ 3)
Parameters
Color
COD (mg=L)
BOD5 (mg=L)
TSS (mg=L)
TN (mg=L)
NH3 -Nðmg=LÞ
TP (mg=L)
Fecal coliform (105 =L)
Hg (μg=L)
Cd (μg=L)
Cr (μg=L)
As (μg=L)
Pb (μg=L)
pH
BOD5 =COD
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Range

Average

1,820–2,400
3,400–4,200
480–660
280–390
1,680–2,300
1,480–1,960
12–18
1.2–1.8
4.8–5.3
47–59
278–418
37–64
419–431
7.8–8.4
0.14–0.17

2,100  291
3,676  453
570  90
360  70
1,824  403
1,682  249
14  3
1.4  0
5.1  1
52  6
348  122
50  14
424  40
8.2  0
0.16  0
J. Environ. Eng.
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Fig. 2. Synchronous scanning fluorescence spectra of the raw and treated leachate
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Fig. 1. Configuration of a single ARB

Results and Discussion
Synchronous Fluorescence Spectroscopic Analysis

ARB. The treated leachate then entered into a collection tank via a
50 mm PVC pipe. Valves installed in the bottom and top PVC pipes
of reactors were used to control the collection of the leachate and
gas, respectively. The hydraulic loading in the two-stage ARB reactor was 0.10 L=kg aged refuse per day.
Fluorescence Spectroscopic Analysis
Raw and treated leachate were first centrifuged at a rotation speed
of 12,000 revolutions per minute for 20 min, and then fractionated
by filtration through 0.45 μm cellulose acetate membrane. The filtrate was analyzed with an F-7000 fluorescence spectrophotometer
(Hitachi). Deionized water (18.2 M · cm) served as a blank control
to correct Raman spectral overlap. To eliminate an internal filter
effect, the filtrate was appropriately diluted with deionized water
20 times for raw leachate and the stripping-treated leachate, and
10 times for ARB-treated leachate. Synchronous scan spectra were
acquired in the excitation wavelength range of 200–500 nm using
the bandwidth of Δλ ¼ λem − λex ¼ 18 nm between the excitation and emission monochromators. Excitation-emission matrices
spectra were obtained by measuring the emission spectra in the
range from 200 to 600 nm repeatedly, at the excitation wavelengths
from 200 to 550 nm, spaced by 3 nm intervals in the excitation
domain. All spectra were collected with a 5 nm band and a scan
speed of 12,000 nm min−1 .
Molecular Size Distribution
All leachate samples were first fractionated by filtration through
a 0.45 μm microfiltration (MF) membrane (cellulose acetate
material). Next, the filtrates were fractionated by being consecutively passed 100, 30, and 5 kDa ultrafiltration (UF) membranes
with different molecular weight cut-offs. All of the filtration was
conducted with surface chemistry model (SCM) filters (Membrane
Separation Technology Research and Development Center,
Shanghai, China) with effective volumes and filtration areas of
300 mL and 3.32 × 10−3 m2 , respectively. The operation mode
was dead-end filtration with a magnetic whisk assistant and nitrogen gas as the driving force (0.15 MPa for microfiltration,
0.25 MPa for ultrafiltration). During the process the whisk was
operated at a constant rotation rate.
© ASCE

Synchronous fluorescence spectra of the raw and treated leachate
are shown in Fig. 2. Fluorescence spectra can provide the detailed
information regarding condensed aromatic structures of the leachate DOM. The short wavelength measured for the fluorescence
peaks indicates the presence of simple molecular structures and
low aromatic content. The long wavelength measured for the fluorescence peaks is associated with the condensed aromatic rings and
a high degree of conjugation (Kang et al. 2002). As shown in Fig. 2,
the scan spectra of the different leachate samples exhibited similarities. For each leachate sample, three high intensity fluorescence
peaks were observed at 283, 350, and 375 nm, respectively. Moreover, the peak intensity generally decreased with the increasing of
treatment degree. The raw leachate spectrum showed the highest
peak intensity (i.e., 375 nm) at the longest wavelength, suggesting
that the majority of the organic molecules possess complex structures and condensed aromatic rings in accord with the typical DOM
characteristics of mature leachate. After ammonia stripping, the
fluorescence scan spectrum of the leachate DOM was altered
slightly with 6% of COD removal rate. It indicated that the stripping process could not significantly reduce leachate organic pollutants though it was effective on ammonia nitrogen removal. As
shown in the spectrum of ammonia stripping-treated leachate
(Fig. 2), the intensities of the fluorescence peaks at 350 nm and
375 nm decreased faintly accompanied by slight intensity increase
at 283 nm. The variation of spectrum could be partly attributed to
the stripping of volatile organic carbons (VOCs) in leachate. In addition, the pH value of the leachate rising from 8.2 to 9.1 after stripping might lead to the aggregation of fluorophores. Thus the
reduction of fluorescence intensities at 350 and 375 nm as well
as the intensity increase at 283 nm might be ascribed to enhancing
hydrogen bonding both intermolecularly and intramolecularly (Au
et al. 1999) and facilitating the repulsion of DOM anions with phenolic functional groups (Zhao et al. 2010).
The spectrum of the first stage ARB-treated leachate with 80%
of COD removal rate exhibited decay in intensity of the peak
around 350 nm and dramatic decrease of the intensity around
375 nm to a minor shoulder peak, which implied that the first stage
ARB preferentially attacked higher molecular weight organic molecules with more complex structures. Furthermore, with disappearance of characteristic sharp peak around 283 nm, another peak
around 275 nm emerged. It suggested a slight blue-shift associated
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Fig. 3. Fluorescence EEM spectra of the raw and treated leachate: (a) raw leachate; (b) ammonia stripping-treated leachate; (c) first stage ARB-treated
leachate; (d) second stage ARB-treated leachate

© ASCE
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Table 2. Peak Characteristics in the Fluorescence EEM Spectra of Different Leachate Samples
Peak A
Water simple

Downloaded from ascelibrary.org by CHONGQING UNIVERSITY on 11/06/17. Copyright ASCE. For personal use only; all rights reserved.

Raw leachate
Ammonia stripping-treated leachate
First stage ARB-treated leachate
Second stage ARB-treated leachate

Peak B

Ex=Em (nm=nm)

I A (unit)

Ex=Em (nm=nm)

I B (unit)

I A =I B

pH

250=450
250=450
250=450
250=450

41,460
47,100
9,860
4,880

340=420
330=410
330=410
330=410

38,120
35,620
5,975
2,865

1.09
1.32
1.65
1.70

8.20
9.05
8.92
8.75

with a decomposition of condensed aromatic moieties and conjugated bonds in a chain structure, the break-up of the large molecules or conversion of a linear ring system to a nonlinear system.
(Swietlik et al. 2004; Coble 1996).
In comparison, slightly lower intensity of each characteristic
peak was observed in the similar scan spectrum of second stage
ARB-treated leachate with 29% of COD removal rate, which generally indicated further decomposition of organic molecules during
the second stage ARB. It confirmed the two-stage ARB system
could be an effective solution for the mature leachate treatment by
sufficiently decomposing the complex and high molecular-weight
organics.
Fluorescence Excitation-Emission Matrix
Spectroscopic Analysis
Fluorescence excitation-emission matrix (EEM) spectra of the
raw and treated leachate are shown in Fig. 3. Fluorescence
EEM spectra can provide the configuration and heterogeneity
of nonfractionized DOM extracted from landfill leachate. The
EEM spectra is typically divided into five regions representing
different dissolved organic types (Chen et al. 2003): (1) Regions
I and II, simple aromatic proteins such as tyrosine at shorter excitation wavelengths and shorter emission wavelengths (Ex=Em)
of <250 nm/< 350 nm; (2) Region III, fulvic acid-like materials at
shorter Ex=Em of <250 nm/> 350 nm; (3) Region IV, soluble
microbial product material with peaks at intermediate wavelengths Ex=Em of 250–280 nm/< 380 nm; and (4) Region V,
humic-acid-like organics with peaks at longer wavelength
Ex=Em of >280 nm/> 380 nm. As shown in Fig. 3, the results
of each leachate sample were much alike. Two well-resolved fluorescence peaks, i.e., Peak A and Peak B, were distinctly observed
in all recorded EEMs. Peak A in the UV region at 250 nm associated with a higher level of excitation energy, and Peak B in the
visible region at 330–340 nm associated with the lower excitation
energy. Both peaks have emission maximum between 410 and
450 nm. Peak A and Peak B reflected the presence of fulvicacid-like and humic-acid-like matters. The results were in agreement with the fact that these hydrophobic substances are the
DOM majority in a mature leachate as a result of humification.
The two fluorescence peaks characteristics of different leachate
samples are shown in Table 2. Ammonia stripping improved the
intensity of Peak A (I A ) from 41,460 to 47,100 with an increase
of 13.6%, and reduced the fluorescence intensity of Peak B (I B )
from 38,120 to 35,620 with a reduction of 6.6%. Slight alternation
of DOM because of VOCs release and pH rise agreed with the conclusions from synchronous fluorescence spectroscopic analysis. In
addition, compared to 50.5 and 52.1% removal rate of I A and I B ,
respectively, in second stage ARB-treated leachate, more rapid reduction rates 79.0 and 83.2% of I A and I B were observed in first
stage ARB-treated leachate. Because pH value remained stable during the two-stage ARB treatment, all these observations could be
ascribed to adsorption and biodegradation of the refuse (Chai et al.
2007). The results indicated first stage ARB was more effective in
© ASCE

removing both fulivc-acid-like and humic-acid-like organics in mature leachate while the second stage ARB played a polishing role.
According to Au et al. (1999), the ratio of I A =I B could be used as a
characteristic parameter to evaluate humic composition. Baker and
Curry (2004) proposed that the DOM contributing to Peaks A
and B were primarily low-molecular fluorescent organic substances
and high-molecular organic compounds with relatively stable structures, respectively. The continuous increase in I A =I B with treatment
proceeding revealed that humic-acid-like materials with highmolecular were removed more effectively than fulvic-acid-like
organics with low-molecular through ammonia stripping and twostage ARB treatment, corresponding with the results of synchronous
fluorescence spectroscopic analysis. Moreover, I A (4,880) and I B
(2,865) detected in second stage ARB-treated leachate also indicated that the fulvic-acid-like organics with low-molecular were
the major portion of DOM remained in final effluent and needed
to be further removed by additional treatment.
Molecular Size Distribution
Size fractions of DOM in the leachate samples are shown in Fig. 4.
The removal efficiency of organic matter in four colloidal fractions
(<5 kDa, 5–30 kDa, 30 –100 kDa, and >100 kDa) was low in ammonia stripping process probably owing to VOCs released only.
The removal rates of organic matter in each fraction were quite substantial in the first stage ARB with an efficiency of 50–70%. The
maximum removal rate of 70% was observed for <5 kDa DOM,
suggesting that ARBs had a high mineralization capability for
low molecular weight organics. Further removal of DOM was
achieved by the second stage ARB treatment with around 60%
of >5 kDa DOM and 30% of <5 kDa organic matter were reduced.
To some extent, the results confirmed that the low molecular weight
organic substance (<5 kDa) accounted for dominant fraction in
DOM of the final effluent which was the target of subsequent
posttreatment.
Previous studies confirmed that activated-carbon adsorption
process is efficient in removal of biorefractory organics with

Fig. 4. Molecular size distribution of different leachate samples
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molecular weights less than 0.5 kDa, and Fenton oxidation process
is suitable for biorefractory organics removal with molecular
weights more than 0.5 kDa. Thus the combination of activatedcarbon adsorption and Fenton oxidation could be a highly recommended posttreatment process for further removing DOM remained
in leachate.
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Conclusion
Three advanced analytical techniques were applied to explore the
alternation in the nature of leachate DOM during ammonia stripping and the two-stage ARB treatment. The analysis results of fluorescence spectra and molecular weight distribution indicated that
the leachate DOM were gradually removed with the increasing
treatment degree. The two-stage ARB treatment could effectively
remove complex and high molecular-weight organics in the mature
leachate. And the removal efficiency of DOM was quite substantial
in the first stage ARB. In contrast, the ammonia stripping process
did not work well and the second stage ARB enhanced DOM reduction. The final effluent after ammonia stripping and the twostage ARB treatment still contained fulvic-acid-like organics with
low molecular weight (<5 kDa), which should be removed by appropriate subsequent treatment.
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